Antigenic interrelationships among paramyxoviruses were examined by immunoprecipitation of isotope-labelled virus-infected cell lysates with specific antisera against virions or virus components. Sendai virus, human parainfluenza virus type 1 (Pa-1) and human parainfluenza virus type 3 (Pa-3) belonged to one antigenic group, and human parainfluenza virus type 2 (Pa-2), human parainfluenza virus type 4 (Pa-4), mumps virus (MuV) and simian virus 5 to a second group, Furthermore, the human paramyxoviruses Pa-1, Pa-2, Pa-3, Pa-4 and MuV formed a single antigenic group which overlapped the above groups. Although Newcastle disease virus (NDV) belonged to a separate group it showed some cross-reaction with the human paramyxoviruses. In particular, certain batches of anti-NDV antisera reacted with the fusion (F) polypeptide of Pa-2 and the reciprocal reaction of anti-Pa-2 antiserum with NDV F was also found. The nucleoprotein showed the broadest cross-reactions among these paramyxoviruses, whereas the matrix polypeptide exhibited antigenic individuality. The nucleoprotein of MuV was most cross-reactive. Pa-2 haemagglutininneuraminidase (HN) and anti-MuV HN serum showed cross-reactivity with various antisera and antigens.
INTRODUCTION
Five different species of human paramyxoviruses have been recognized, namely parainfluenza virus type 1 (Pa-1), type 2 (Pa-2), type 3 (Pa-3), type 4 (Pa-4) and mumps virus (MuV). Pa-4 is subdivided into two subgroups, Pa-4A and Pa-4B. The human viruses cause parotitis and a wide range of respiratory illnesses, particularly in children. However, information on the properties of the human paramyxoviruses is limited. Antigenic interrelationships among these viruses have been reported (Cook et al., 1959; Goswami & Russell, 1982 , 1983 Julkunen, 1984; Ray & Compans, 1986; Van der Veen & Sonderkamp, 1965) , although little information is available concerning the polypeptides involved. Therefore, we have begun to characterize the human and non-human paramyxoviruses by examining their antigenic interrelationship using the technique of immunoprecipitation of isotopically labelled virus-infected cell lysates by virusspecific polyclonal antisera. Selection of virus-specific polypeptides using Protein A-Sepharose coated with specific antisera can give sufficient sensitivity for meaningful comparisons to be made, but non-specific precipitation cannot be avoided in this method. When the time of exposure is long, virus-specific polypeptides, particularly NP, may be detected. Thus, we carried out the procedures repeatedly in various combinations of virus antigens and antisera using five normal sera as controls to decide whether the bands on autoradiograms were due to specific precipitation. Antisera. Antisera against the various paramyxoviruses used in this study are listed in Table 2 . In addition, five normal rabbit sera, designated 0-1, 0-2, 0-3, 0-4 and 0-5, were also used as controls. Immunoprecipitation and SDS-polyacrylamide get electrophoresis. Fifty ~tl of antiserum (1 : 10) was incubated with 50 p.l of Protein A-Sepharose (Pharmacia) at 4 °C for 2 h, and after washing the Sepharose was further incubated with labelled virus-infected cell extract (50 lal). The cell lysates were centrifuged at 12000 r.p.m, for 30 min prior to the addition of antisera. After extensive washing the Sepharose was resuspended in 50 ~tl of sample buffer (62 mMTris-HC1 pH 6.8, 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0-0025~ bromophenol blue) and heated at 100 °C for 4 min. After centrifugation the supernatant was electrophoresed in 10% polyacrylamide gel under the conditions described by Laemmli (1970) . Although immunoprecipitation was carried out in more than 60 combinations, only representative autoradiograms are shown in this article.
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RESULTS
Immunoprecipitation analysis of Sendai virus-infected cell lysates with various paramyxovirusspecific antisera
Sendal virus (SV) is known to be widely prevalent in conventionally maintained laboratory animals. Therefore, before the various antisera were examined the experimental animals used for the production of the antisera were checked for contamination with SV. The ability of the antisera to react with SV was assessed by an immunoprecipitation reaction using [35S]-methionine-labelled extracts of SV-infected Vero cells. Serum 8-1 (an anti-MuV rabbit serum) precipitated a number of SV-specific polypeptides (HN, Fo, NP and F) from SV-infected Veto cells labelled with [3SS]methionine ( Fig. 1 a) . Serum 8-1 was positive for SV haemagglutination inhibition at a 1:128 dilution (data not shown). Since anti-MuV sera other than serum 8-1 showed no reactivity with SV (data not shown), it was inferred that this serum was contaminated with anti-SV antibody. Serum 2-2, an anti-Pa-2 rabbit serum, was also found to react with SV polypeptides (L, HN, F0, NP and F1) (data not shown) indicating that the rabbit in which the antiserum was raised harboured SV. Normal rabbit sera 0-1 and 0-2 slightly precipitated NP polypeptide alone, suggesting that NP was non-specifically precipitable. The anti-Pa-1 sera 1-1 and 1-2 precipitated almost all SV polypeptides, indicating an antigenic similarity between SV and Pa-1 (Fig. 1 a; data not shown for serum 1-2). Serum 3-1, an anti-Pa-3 horse serum, showed reactivity with NP and F (Fig. 1 a) . This result shows an antigenic relationship between SV and Pa-3. Fig. l(b) shows the results of testing the reactivity of antisera against various paramyxoviruses with Pa-l-infected LLCMK2 cell lysates. The NP polypeptide was precipitated by antisera against SV. One of two antisera (serum 3-1) against Pa-3 (data not shown) and one of five antisera (serum 4-4) against Pa-4 ( Fig. 1 b) reacted with the SV NP polypeptide. Antiserum against Pa-3 may precipitate the M protein, but antisera against the other paramyxoviruses showed no cross-reaction. Antisera against SV and one (serum 4-5) of five antisera against Pa-4 reacted with the HN polypeptide (Fig. 1 b) . One of seven antisera (serum 8-2) against MuV cross-reacted with the NP and HN polypeptides (data not shown). The P and F polypeptides of Pa-1 could not be identified in our system. Three strains of Pa-2 (Toshiba, 62-M786 and 63-M1) were inoculated into cultures of Vero, LLCMK2 or primary monkey kidney cells, and the infected cells were labelled with either [35S]methionine or [3H]glucosamine. As shown in Fig. 1 (c) , immunoprecipitation of Pa-2 NP was obtained with antisera to simian virus 5 (SV5) and to MuV, but there was no similar crossreaction with antisera to Pa-1 or to Pa-3. Antisera against Pa-4 (serum 4-4), Newcastle disease virus (NDV) (serum 6-4) and SV (serum 7-2) reacted with the NP polypeptide (NDV, Fig. 1 d; Pa-4 and SV, data not shown). The P polypeptide was precipitated by anti-SV5 and anti-MuV antisera (Fig. I c) , but not by antisera against the other paramyxoviruses. The M protein reacted only with homologous antisera (Fig. 1 c) . The HN polypeptide reacted broadly with antiparamyxovirus antisera; that is, antisera against Pa-1, Pa-3, Pa-4, SV5 and MuV precipitated HN (Fig. 1 c; Pa-4, data not shown). The F polypeptide was precipitated by anti-SV5 antiserum (Fig. 1 c) . It is noteworthy that certain batches of anti-NDV sera (6-1 and 6-3) reacted with the F polypeptide of Pa-2 strain Toshiba ( Fig. 1 c, d ). The reciprocal reaction of anti-Pa-2 serum with NDV F was also observed (data not shown). Antisera against Pa-1, Pa-2, MuV and SV cross-reacted with the NP polypeptide of Pa-3 (Fig.  I e) . One (serum 4-3) of the antisera to Pa-4 and antisera against the Ulster strain of NDV reacted with the NP polypeptide of Pa-3 (Fig. 1 e; serum 4-3, data not shown). The P, F and M polypeptides did not cross-react with other paramyxoviruses. Anti-SV antisera and one (serum 8-3) of the antisera against MuV precipitated the HN polypeptide of Pa-3 (Fig. 1 e; serum 8-3 , data not shown). Antisera against MuV and Pa-2 reacted with the NP polypeptide of Pa-4 (Fig. 1 f) . Antiserum against Pa-1 (serum 1-2) may precipitate the NP polypeptide (data not shown). Neither the HN nor the M polypeptide showed cross-reaction with other paramyxoviruses. The P and F polypeptides of Pa-4 were not identified in our system.
Reactivities of antisera against various paramyxoviruses with human parainfluenza virus-infected cell lysates
Reactivities of antisera against various paramyxoviruses with S V5-, ND V-and Mu V-infected cell
lysates Immunoprecipitation of SV5 NP and P polypeptides was obtained with antisera against Pa-2 and MuV (Fig. 2a) . One (serum 3-1) of the anti-Pa-3 antisera reacted with the NP polypeptide of SV5 (Fig. 2a) , and the HN polypeptide was immunoprecipitated with antisera to Pa-2 (Fig. 2a) and to MuV (serum 8-7) (data not shown). The F polypeptide was precipitated by one (serum 8-7) of seven antisera to MuV (data not shown).
As shown in Fig. 2 (b) , NDV represented an antigenic group relatively distinct from that of the other paramyxoviruses tested in this study. However, there were some unique antigenic crossreactions between NDV and the other paramyxoviruses. One of two anti-SV sera (serum 7-2) (Fig. 2b) , one of two anti-Pa-2 sera (serum 2-1) (data not shown) and one of two anti-Pa-3 sera (serum 3-l) (data not shown) reacted with the NP. One (serum 4-2) of five anti-Pa-4 sera precipitated the F polypeptide (data not shown). Furthermore, one (serum 2-2) of the anti-Pa-2 sera cross-reacted with the HN polypeptide of strain Miyadera (Fig. 2b) and the F polypeptide of strain D26 (data not shown).
The NP polypeptide of MuV was precipitated by the majority of antisera against the different paramyxoviruses (Fig. 2c) . Antisera against Pa-1 and Pa-2 reacted with the P polypeptide (Fig.  2 c) , whereas the HN, F and M polypeptides were not precipitated by heterologous antisera (Fig.  2c ) (HN and F, data not shown).
DISCUSSION
In this study, antigenic interrelationships among paramyxoviruses were examined by immunoprecipitation of radiolabelled virus-infected cell lysates with virus-specific antisera. Since uon-specific precipitation occurs frequently, tests were carried out several times with more than 60 combinations of antigens and antisera.
It is well known that the human paramyxoviruses Pa-1 and Pa-2 are antigenically related to the animal viruses SV and SV5, respectively. Limited cross-reactions were demonstrated between Pa-1 and Pa-3 by immunoprecipitation with virus-specific polyclonal antisera (Goswami & Russell, 1982) . Our experimental results are summarized in Tables 3 and 4 . This study shows that SV, Pa-1 and Pa-3 belong to one antigenic group, and Pa-2, Pa-4, MuV and SV5 belong to a second group. One of 12 monoclonal antibodies (MAbs) against MuV NP precipitates the corresponding polypeptides of Pa-2, Pa-4 and SV5 (unpublished data). Furthermore, the human paramyxoviruses, Pa-1, Pa-2, Pa-3, Pa-4 and MuV, are considered to form an antigenic group overlapping the above groups. Although NDV belongs to a separate antigenic group, it shows occasional cross-reactions with human paramyxoviruses. Antisera to the D26 strain of NDV react with the F polypeptide of the Toshiba strain, but not the F of strains 62-M786 and 63-M1 of Pa-2. One of three antisera against the Miyadera strain of NDV cross-reacted with the F polypeptide, while another reacts with the NP polypeptide of the Toshiba strain of Pa-2. No cross-reaction is detected between measles virus (MV) and the paramyxoviruses, suggesting that morbilliviruses are antigenically distinct from paramyxoviruses (unpublished data).
MAbs against the HN and NP polypeptides of SV5 have been shown to cross-react with the corresponding polypeptides of Pa-2 (Goswami & Russell, 1983 ). Epitopes showing crossreactions with SV were detected with MAbs against Pa-3 HN and NP polypeptides (Goswami & Russell, 1983) . Recently, Van Wyke Coelingh et al. (1985) reported that none of 16 MAbs against the HN of Pa-3 showed cross-reactivity with Pa-1, Pa-2 or Pa-4. Ray & Compans (1986) also reported that the majority of 20 MAbs to the HN glycoprotein of human Pa-3 did not crossreact with bovine Pa-3, SV or SV5 and only one showed cross-reactivity with these viruses. MAbs are a powerful tool for clarification of antigenic relationships between viruses, and further analysis of cross-reactivity between paramyxoviruses using MAbs against MuV, SV and NDV is in progress.
Recently, the complete sequences of several virus genes and the inferred amino acid sequences of some proteins of paramyxoviruses, namely SV, SV5, Pa-3 and NDV, were reported (Elango et al., 1986; Sanchez et al., 1986; Spriggs et al., 1986; Shioda et al., 1986; Millar et al., 1986) . The amino acids of SV polypeptides showed extensive sequence homology with the corresponding polypeptides of Pa-3. The overall homologies between these viruses were 
* ~, Strong reactivity; i, significant reactivity; T, positive reactivity in a specific combination; O, possible cross-reactivity; -, no cross-reactivity.
estimated to be about 70% (NP), 41.1 ~ (F0) and more than 45~ (HN) (Elango et al., 1986; Sanchez et al., 1986; Spriggs et al., 1986) . These results show that Pa-3 is closely related to SV.
On the other hand, the overall homologies between two proteins (HN and F0) of SV and SV5 was fairly low, 23.5% and 24%, respectively, although highly conserved regions were observed (Shioda et al., 1986) . Only 25.3 % homology was found between the F0 proteins of Pa-3 and SV5 (Spriggs et al., 1986) . Comparison of the primary structure of Pa-3 HN with that of SV5 failed to reveal significant homology (Elango et al., 1986) , showing that SV5 is distinct from SV and Pa-3.
The relatively greater homology between SV and Pa-3 is consistent with our demonstration of detectable immunological cross-reactivity between these viruses, whereas SV5 is antigenically distinct from SV and Pa-3. Alignment of the HN sequences of NDV, SV5 and SV suggests that NDV is more closely related to SV5 than to SV (overall amino acid conservation of 32% and 23%, respectively) (Millar et al., 1986) .
One type of antibody reacts with the primary structures of polypeptides (continuous sequences) and the other type of antibody recognizes conformational structures (discontinuous sequences). Thus, immunologically cross-reactive regions are related to conserved regions in primary and tertiary structures, and immunological cross-reactivity and sequence homology should both be considered in analysing evolutionary and structural relatedness.
The NP polypeptide shows the broadest cross-reactivity among paramyxoviruses, whereas the M polypeptide is antigenically individual. As regards the NP polypeptide, MuV antigen and anti-MuV antiserum have the broadest cross-reactivity. Pa-2 HN and anti-MuV HN serum also show cross-reactivity with various antisera and antigens, respectively. Enzyme immunoassay has shown marked cross-reactivity between anti-human paramyxovirus sera, even when purified viral envelope glycoprotein and nucleocapsid preparations were used as antigens (Julkunen, 1984) . Since the M polypeptide shows antigenic individuality, it could be used as the antigen in enzyme immunoassays for the detection of specific antibodies against human paramyxoviruses.
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